The computational efficiency is usually very low by common methods in large-scale engineering problem-solving. To improve the solving efficiency, in this paper a substructure method is used to the dynamic response analysis of a project soil site, in which a circular diaphragm wall with super large diameter is built. First, the basic principles of the whole analysis method and substructure analysis method are introduced briefly, and the problem of selection master degrees of freedom (DOFs) reasonably is discussed. Then, a calculation program based on substructure method is compiled by parametric design language of ANSYS. In the program, the equivalent linear method is applied to consider soils nonlinearity. Finally, to compare the rationality and reliability of the substructure method, a large-scale finite element model of practical soil site with the circular diaphragm wall is established, and its dynamic response is obtained respectively using the whole analysis method and substructure method, in which three selection ways of master DOFs are adapted. Through comparing the results by the whole analysis method and substructure method, the rationality and effectiveness of the substructure method are verified. The present study indicates that, if the master DOFs are selected reasonably by the substructure method, the solving efficiency can be greatly improved, and simultaneously the adequate calculation precision is also ensured.
INTRODUCTION
With the rapid transformation of urban infrastructures, municipal buildings and the construction of high-rise buildings, the application of deep excavation and support technology has obtained unprecedented development and promotion. The arch effect of circular supporting structures has better mechanical properties than other general polygon supporting structures, so the circular diaphragm walls are often used in the foundation projects of high-rise buildings (Zhang Jushou et al. 2006) .
Seismic response analysis of soil layer is an important part in seismic safety evaluation for key project sites (Lou Menglin et al. 2004 ). Actually, the practical site is a semi-infinite space, and the soil site should be intercepted to limited range in the analysis with finite element method. Some studies have proved that, if the range of finite model reaches to a certain extent large enough, the boundary effect of incident waves and scattered waves can be ignored, and it can still obtain good approximate results (Lou Menglin et al. 2003) . In the east coast of China, many cities are located in the deep soft soil sites with thickness of almost 300~400m. So when seismic safety evaluations of key projects sites are carried out, the computational quantity of seismic response analysis may be tremendous, and some measure should be taken to improve the solving efficiency of such large-scale problems.
The design of complex structures in such areas as aerospace automobile, civil and energy applications demands increasing levels of detail to meet requirements. These details can result in finite element models with large degrees of freedom and repetitive computations coming from various structural combinations of subcomponents having multiple options and multiple loading conditions. The continued advancement in high performance computers provides the opportunity for in-core solution to such largescale problems in acceptable times with cheaper computational cost (Synn SY and Fulton 1995).
Using substructure method can save lots of computational time and reduce hard-disk storage capacity of computers efficiently. We can solve large-scale and complex problems in the situation with limited computer equipment. First of all, the large complex structure is divided into some substructures, and then dynamic condensation is applied on these substructures. According to the coordinative relations of interfaces among all the substructures, these substructures can still be assembled into the overall structure. Thus, only analyzing a whole structure with small amount degrees of freedom can obtain the dynamic characteristics of the large and complex structure. Further more, the computational results by substructure method have sufficient accuracy, and can satisfy the solving requirements of various project problems (Yang qingshan et al. 2008). Using a proposed coupling method, a dynamic model of a tilting structure consisting of two substructures with sliding line conditions is synthesized, and its dynamic characteristics are investigated (Kim DK et al. 2009 ).
The aim of this paper is to establish a proper substructure method for solving complex structures such as large-scale sites with circular diaphragm wall. A calculation program is compiled based on the substructure method by the secondary development platform of ANSYS, and the substructure method is proved to have much higher solving efficiency than the whole method in the dynamic analysis of largescale complex structures.
WHOLE ANALYSIS METHOD

Equation of motion
For the model of soil layer site subjected to seismic loading, according to the principle of dynamic finite element, the equation of motion can be easily established as, 
Computational efficiency of whole analysis method
When analyzing seismic response of soil site and the damping characteristic of soil medium considered, if the vertical artificial boundary is set as far from the computational zone of soil as possible, the influence of the artificial boundary on computational near-field can be ignored. It is suggested that the horizontal distance from the vertical artificial boundary to the near-field at least reaches five times as long as the depth of soil layer. In addition, in order to avoid the filter effect of discrete elements on the effective components of the seismic wave, the mesh division should meet certain requirements. Generally speaking, the length of vertical mesh should be larger than one eighth length of the smallest wavelength among these effective frequency components of seismic waves propagating through the soil.
As is known to us, soils exhibit a marked non-linear hysteretic behavior with cycles of loading, especially under strong earthquakes. Generally speaking, the more intense the ground motion is, the stronger the nonlinearity exhibition of soils is. Therefore, the nonlinear characteristic of soils should be considered in the analysis of soil-structure interaction so as to make the results more reasonable. In current earthquake engineering, the main method of estimating soils nonlinearity is equivalent linear method, in which the nonlinear problems are converted to the linear problems through a series of iterative processes (Qi Wenhao and Bo Jingshan 2007).
From the foregoing discussion, for the soil layer with deep deposit, the quantity of nodes and elements of three-dimensional model may be huge in the seismic response analysis according to the above meshing requirements. Clearly, considering the nonlinear characteristic of soil, for the dynamic response analysis of some large-scale and complex three-dimensional models of project site under multi seismic loading cases, the computational efficiency of the common whole analysis methods will be greatly restricted.
SUBSTRUCTURE ANALYSIS METHOD
Principle of substructure analysis method
Simply speaking, a substructure is a progress that a group of elements are condensed to be an element with a matrix, and this condensational element is called the superelement (Guyan RJ 1965) . It simply represents a collection of elements that are reduced to act as one element. In substructure method, the element stiffness is first synthesized to substructure stiffness, and then the whole stiffness is integrated by the substructure stiffness.
The overall equilibrium equation for linear structural static analysis is,
The above equation can be partitioned into two groups, the master (retained) DOFs, here denoted by the subscript "m", and the slave (removed) DOFs, here denoted by the subscript "s",
Further, the equation (3) can be expressed as follows,
From the above simultaneous equations (4) and (5), there is,
We have on substitution of equation (6) into the equation (4) 
The equation (7) can also be expressed as the equivalent format as below,
Where, When it is extended to dynamic analysis, the general form of the equations for dynamic analysis is,
Like the equation (8) , the equation (9) can also be written,
The computation of the reduced mass matrix is done by, 
Also, the damping matrix is given similarly, 
From the above derivation, the solution of the whole structure can be converted to a problem that only need solve the displacements of the master DOFs, and then substitute these displacements into the equation (4) or (5), it can easily obtain the displacements of the slave DOFs. Consequently, if master DOFs are selected reasonably, using substructure method can reduce the solving work and improve the computational efficiency greatly.
Selection principle of master DOFs
Obviously, the key of substructure method is that the whole structure need be divided into several substructures, and these substructures will be assembled to be an entirety in accordance with the coordination of junction, then condensation of overall freedom of the whole structural system is complete. In this progress, how to condense the degrees of freedom becomes a problem that must be solved in calculation with finite element method or program (Guyan RJ 1965) . The substructure method in ANSYS uses Guyan reduction method to solve the reduced matrix, and it has good performance in calculating the first and the second order mode shape, but bad in other higher modes. So the selection of the master DOFs is very important when generating superelements by the substructure method.
The selection of the master DOFs plays a key role in the reduction analysis of matrix, and its accuracy depends on the quantity and distribution position of the master DOFs. Generally, it should at least meet several basic principles as follows, 1.
The total number of the master DOFs is at least two times more than the calculated number of modes.
2.
The master DOFs should be selected in the direction where it may vibrate. 3.
At these locations where the loadings are applied or constraints of non-zero displacements are imposed.
4.
At the locations where computational results need obtained.
5.
Including all directions of movement and distributing uniformly as far as possible. 
PROGRAM FOR SUBSTRUCTURE METHOD
Substructure analysis of ANSYS is consisted of three steps: substructure generation pass, substructure use pass and substructure expansion pass. In this paper, based on the second development platform of ANSYS, the calculation program for the substructure method is compiled by parametric design language of ANSYS. The program flow chart is shown in Figure 1 .
In this study, the equivalent linear method is also included to consider soils nonlinearity. According to the principle of equivalent linear method (Qi Wenhao and Bo Jingshan 2007), in every iterative process, the material parameters of model will change, and the model stiffness matrix will also change correspondingly. So in every cycle iterative process, it needs to regenerate these substructures again, and then forms new reduction matrix to complete next solution.
NUMERICAL EXAMPLE
Computational model
In this part, a large-scale three-dimensional model of a soil site with the circular diaphragm wall is established, in which the horizontal length is 2000m, the depth is 200m. The model is large-scale with 30 312 elements and 35 475 nodes. In present paper, lots of soil areas outside of the circular diaphragm wall are divided into substructures, the middle part near the wall is divided into a non-superelement. Like this, the whole model is divided into two substructures and a non-superelement, as shown in Figure 2 . 
Calculation conditions
For comparing the effect resulting from different selections of the master DOFs, according to the quantity and the distribution position, here three selection ways of the master DOFs are adopted as follows, 1.
Select the nodes in the interface between substructure and non-superelement and the nodes on the lateral boundary (this case is denoted by "sub_1" in the paper).
2.
On the basis of sub_1, furthermore choose several sections every 300m along the horizontal direction, the nodes on these sections are selected as the master DOFs (this case is denoted by "sub_2" in the paper).
3.
On the basis of sub_1, furthermore choose several sections every 150m along the horizontal direction, the nodes on these sections are selected as the master DOFs (this case is denoted by "sub_3" in this paper). Like the logogram of "sub_1", "sub_2" and "sub_3", in the next parts of this paper, it uses the logogram "whole" to represent the common whole analysis method. The excitation uses a harmonic wave with the basic frequency of computational model and the amplitude of 1m / s 2 . The total duration time is five cycles, which is twenty seconds. In the analysis, the bottom of the model is assumed to be bedrock, and the vertical degrees of freedom are fixed on the lateral artificial boundary. Otherwise, on the assumption that it bonds well between the wall and the soil, that is to say, the deformation between them is coherent and does not slip and separate.
Results and discussion
The dynamic response analysis is carried out respectively by the whole method and substructure method, which includes three selection methods of master DOFs as foregoing introduction. Because the change trend of dynamic response at every location of the model is similar, here we only compare the horizontal acceleration time-history at the bottom center of foundation pit by different methods, as shown in Figure 3 . From the comparison in Figure 3 , the difference can be easily seen between the whole method and substructure method. For the case sub_1, due to less number of master DOFs in this substructure model, it is difficult to express the high modes reasonably, so its result is greatly different from the whole method, even has some distortion to a certain extent. For the case sub_2, in which it increases the quantity of master DOFs on the basis of the case sub_1, so the calculation result is more close to the solution of whole method, and the accuracy is also better than sub_1. Compared with that the case sub_1 and sub_2, in the case sub_3 the distribution of master DOFs is more uniform and the quantity is larger, that is ,the selection is more reasonable and better to express high modes of the whole model, so its result is most close to the whole method among the three cases.
If considering the limiting case, that is to say, if all nodes of a model are selected as master DOFs, the vibration mode shapes obtained by the substructure analysis method will be exactly the same as the shapes of the whole structure. Obviously, in this case the use of substructure method has loosed its practical meaning.
In terms of computational efficiency, the calculating time of sub_1, sub_2 and sub_3 is equal 82.8%, 72.4% and 55.6%, respectively compared with the whole method. Supposing that the calculating time of the whole method is "1", and the relative time of the case sub_1, sub_2 and sub_3 is shown in Figure 4 . The comparison results show that, using sub-structure technology has improved the computational efficiency. In addition, it should also be noted that with the quantity of master DOFs increases, the corresponding computing time will increase, and the requirement for computer memory will also increase. So the reasonable selection of master DOFs plays a key role for obtaining good accuracy and high computational efficiency in the dynamic analysis response by the substructure method.
CONCLUSIONS
In this paper, the substructure method based on ANSYS has been applied on the dynamic response analysis for a large-scale soil site model with circular diaphragm wall, and some useful conclusions can be obtained: 1.
Based on the secondary development platform that ANSYS provides, the program including substructure method is compiled for the dynamic analysis of soil site. In the program equivalent linear method is used to consider the nonlinear property of soils.
2.
The substructure method can be used for the dynamic analysis of large-scale and complex models of soil site. Compared with the whole method, the substructure method is able to reduce the solving scale of DOFs effectively and also can ensure the accuracy of solution. When using the substructure method, the reasonable selection of master DODs is essential, it directly affects the calculation accuracy.
